Background and objective: Low intensity laser irradiation remains a controversial treatment for non-healing wounds. This study examines the effect of low intensity light on healing of infected skin wounds in the rat. Materials and methods: Wounds on the rat dorsum were inoculated with Pseudomonas aeruginosa. Wounds were irradiated or sham-irradiated three times weekly from day 1 to 19 using 635-nm or 808-nm diode lasers delivering continuous wave (CW) or intensity modulated (3800 Hz) laser radiation, all at radiant exposures of 1 and 20 J/cm 2 . Wound area and bacterial growth on the wound surface were evaluated three times a week. Histological and immunohistochemical analyses were performed at day 8 and 19. Results: Wounds that were irradiated using a wavelength of 635 nm (1 and 20 J/cm 2 ) or intensity modulated 808-nm laser light at 20 J/cm 2 were smaller in area at day 19 than the sham-irradiated controls (achieved significance level = 0.0105-0.0208) and were similar to controls in respect of bacterial growth. The remaining light protocols had no effect on wound area at day 19 although they increased Staphylococcus aureus growth across the time line compared with controls (p < 0.0001 to p < 0.004). CW 808-nm light at 20 J/cm 2 significantly delayed half-heal time. Histological and immunohistochemical analyses supported wound closure findings: improved healing was associated with faster resolution of inflammation during the acute phase and increased signs of late repair at day 19. Significant inflammation was seen at day 19 in all irradiated groups regardless of radiant exposure, except when using 635 nm at 1 J/cm 2 . Conclusions: Red light improved healing of wounds. Only one 808-nm light protocol enhanced healing; lack of benefit using the remaining 808-nm light protocols may have been due to stimulatory effects of the light on S. aureus growth. 
Introduction
Low intensity laser light remains a controversial treatment for non-healing human wounds. Although there is considerable anecdotal support for light treatment of wounds, amongst the several controlled trials only a few small studies have demonstrated benefit [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . There are many factors involved in delayed wound healing: infection is a key element [12] . Patients with infected wounds are at risk of developing bacteremia and osteomyelitis which can have catastrophic consequences; at the least, hospital length of stay and healthcare costs are greatly increased [13] .
Open wounds are readily colonized by the normal flora that reside on periwound skin, including such organisms as coagulase-negative staphylococci, streptococci, Bacillus species and Corynebacterium species. Wound colonization at low concentration ( < 10 5 organisms per gram of tissue) will usually not impede wound healing as long as host resistance and bacterial activity remain in balance. In fact, bacterial presence at low concentration may stimulate granulation tissue formation thereby improving healing [14, 15] . Further, by binding to available receptor sites on the wound surface, normal flora protect wounds from colonization by environmental organisms that are potentially more dangerous, for example, Staphylococcus aureus and Pseudomonas aeruginosa.
Cutaneous wounds normally heal in an orderly process comprising three overlapping phases: inflammation, proliferation and remodeling.
-Phase 1 (0-7 days) is defined by early edema followed by the infiltration of inflammatory cells (neutrophils followed by macrophages and lymphocytes) which debride the wound of damaged cells and foreign material and, in turn, release growth factors and biochemical compounds that activate tissue regeneration. -Neovascularization and provisional matrix formation (3-14 days) define phase 2 with new blood vessels growing in primarily from tissues subjacent to the wound. Provisional matrix is characterized first by proteoglycan secreted by connective tissue cells, followed by collagen synthesis by activated fibroblasts. The early collagen fibers are relatively thinner and aligned parallel to blood vessels (perpendicular to the wound surface). During this time, particularly in rodents, there is connective tissue contraction and epidermal growth over the wound surface. -Phase 3 is a period of wound remodeling (10 days-6 months) which is characterized by obliteration of new blood vessels, reduction of proteoglycan matrix, and collagen remodeling characterized by resorption of early collagen and formation of new collagen fibers oriented along stress lines [16, 17] .
There is clear evidence in preclinical literature that low intensity light (LIL) affects bacterial growth [18] [19] [20] [21] . Dependent on radiant exposure, growth may be increased or decreased; clearing wounds of bacteria is possible using some combinations of wavelength and radiant exposure. In our laboratory, wounds in the rat were cleared of bacteria using red light at radiant exposure of 20 J/cm 2 ; importantly, these sterile wounds healed more slowly than control wounds [22] . We found that 635-nm light at radiant exposure of 1 J/cm 2 produced the most beneficial effects on wound healing, interestingly, without disturbing the normal wound bioburden [22] . The major difference between the prior study and the work reported here is that previously the wounds were exposed to opportunistic environmental organisms whereas in this study wounds were infected using a standardized bacterial inoculum.
There is scarce literature on the effects of LIL on healing of wounds that are colonized by pathogenic bacteria, such as S. aureus and P. aeruginosa. Kim's group [23] irradiated S. aureus-inoculated wounds in the rat using 904-nm light at low radiant exposure (0.0076 J/cm 2 ) and observed improved healing on the seventh day. The authors did not attempt to quantify bacterial growth in the wounds or examine light effects on the underlying tissue. As a result, they were unable to suggest whether laser stimulation of the host tissue predominated over stimulation of bacterial growth in the wounds or the laser restrained the spread of infection in the wounds allowing healing to occur. Hamblin et al. [24] examined the effects of photodynamic therapy (665-nm light; 240 J/cm 2 ) on P. aeruginosa-infected wounds in mice. They observed a high bacterial kill rate but no effects on healing rate.
A common clinical approach using LIL is to irradiate wounds three times weekly usually without the use of photosensitizing drugs. There may be a potential advantage of using light over antibiotic therapy for infected wounds: because laser effects are mediated via excited states of a receptor molecule it is considered unlikely that the organism per se could develop resistance due to prolonged usage [25] . However, further investigation is indicated because particular frequent or intense light might be toxic to tissues and could inhibit cell processes essential for wound healing.
Accordingly, the goals of the present study were: a) to determine whether healing in laser-irradiated infected wounds in the rat was associated with modification of the bacterial load and whether the effects were dependent on wavelength and radiant exposure; and b) to identify lightmediated differences in host tissue histology during early and late wound healing to develop hypotheses towards the underlying mechanisms.
Materials and methods

Subjects
One hundred and eight, male, Sprague-Dawley rats (Charles River Inc., St. Constant, Quebec, Canada) weighing 250-300 g were obtained for this study. Animals were housed separately without bedding, and were maintained on a 12-h light/dark cycle with food and water ad libitum. All procedures and assessments were performed under isoflurane inhalation (2% in air). The study was approved by the Mount Sinai Hospital Research Institute Animal Care Committee.
Study design
Prior to surgery on day 1, animals were assigned to one of six possible irradiation groups (14 animals per group) or to a sham irradiation group (24 animals in total) ( Figure 1 ). Eight sham-irradiated animals were included in each cycle of experiments, four being assigned to each radiant exposure. Animals were euthanized immediately after excision of the wound tissue at day 8 or day 19. Day 8 was selected because the early inflammatory processes should have resolved by this time. Day 19 was selected in order to conclude the study at a standardized time for all animals and when above 70% wound closure could be expected; this was based on pilot work and a previous study [22] . Figure 1 Diagram showing subject flow through the study. Wounds were irradiated or sham-irradiated three times weekly from day 1 to day of euthanization. Semi-quantitative bacterial analysis and photographic wound area measurements were performed three times weekly. On day 8 or 19 animals were euthanized and wound tissues were excised and processed for later blinded analysis.
Wound inducement
On day 1, dorsal hair over the lower back was removed and the skin was washed with 70% alcohol. Using a 1 × 1 cm template for consistency, full-thickness skin was removed down to, but not through, the panniculus carnosus.
Prior to each laser treatment, excluding day 1, wound surfaces were gently rinsed using 20 ml of sterile saline. Wound dressings were not applied.
Wound inoculation
All wounds were inoculated using a calibrated pipette with 200 μl of a suspension of P. aeruginosa (American Type Culture Collection #27853, Rockville, MD, USA) in sterile saline, equivalent to 10 6 colony forming units (cfu)/ml. The isolate does not produce toxins and it is not a particularly resistant strain to the broad-spectrum antibiotics that would normally be used to treat it clinically. We selected P. aeruginosa because it is frequently associated with deteriorating wounds and it has intrinsic resistance to some widely used antibiotics [26] . In addition, it produces exotoxins that act against commensal bacteria [27] . The conditions for bacterial inoculation were chosen to balance the ability to establish an infection with the risk of inducing invasive disease to the point where the animals died due to overwhelming infection.
Irradiation procedures
Wounds were irradiated or sham-irradiated three times weekly beginning on day 1 immediately post-inoculation. This regimen was chosen because the common clinical approach to laser therapy for wounds is three exposures a week at 48-h intervals. Wounds were not irradiated prior to euthanasia on day 8 or day 19 .
Irradiation was performed using fiber-coupled solidstate diode lasers operating at 808 nm (B&W TEK, Inc., Newark, DE, USA) and 635 nm (B&W TEK, Inc.). Red light was selected because in previous work we found that red light at low radiant exposure improved healing during the inflammatory phase of wound repair and that at higher radiant-exposure red light had a bactericidal effect [22] . Selection of 808-nm light was also based on previous work demonstrating that 808-nm light produced undesirable proliferation of S. aureus [22] . We wanted here to determine whether similar effects occurred when these protocols were applied in experimentally inoculated wounds. To further understand the effects of 808-nm light on infected wounds we tested 808-nm light in both continuous and intensity modulated modes of irradiation because in previous in vitro studies we had found that 810-nm lightinduced effects on bacterial growth were different in continuous compared with intensity modulated mode [18] .
Power output of the lasers was confirmed prior to, midway through and after the study using a thermopile power meter (TPM-300-CE Power Meter, PS-310; GENTEC Inc. Ste-Foy, Quebec, Canada).
The optical fiber was fitted with a beam expander at the distal end to irradiate a circular area of diameter 3.0 cm (area, 7.1 cm 2 ; irradiance, 0.028 W/cm 2 ) which incorporated the wound and some surrounding intact skin. Irradiance was based on previous in vitro work in our lab which showed that P. aeruginosa growth was significantly more inhibited using an irradiance of 0.03 W/cm 2 compared with 0.015 W/cm 2 . The distal end of the fiber was mounted in a metal holder which positioned the fiber perpendicular to and at a standardized distance from the wound surfaces. Each wavelength was studied at radiant exposures of 1 J/cm 2 and 20 J/cm 2 (36-and 710-s exposure, respectively). Sham irradiation was applied for 36 s. Each wavelength was studied in continuous wave (CW); in addition 808-nm light was studied at intensity modulation frequency of 3800 Hz with 50% duty cycle at 1 and 20 J/cm 2 . Sham and laser-irradiated animals were anesthetised and handled identically to ensure that any observed effects on wound closure or morphology could not be due to procedural differences. The study design is illustrated in Figure 1 .
Wound area measurement
Wound status was photodocumented three times a week, beginning immediately post wounding on day 1. The digital camera (Canon Powershot G5, Melville, NY, USA) was mounted on a stand which positioned the lens perpendicular to the tissue surface, and a metric reference for image calibration was positioned immediately adjacent to the wound edge. Images were filed using code numbers to conceal treatment groups. Wound area was measured directly from the number-coded images using computerized technology (Image-J Software for Windows, developed by the National Institutes of Health, USA and downloadable at http://rsb.info.nih.gov/ij/download. html) and without reference to any previous images or measurements. Wound area was expressed as a percentage of the wound area measured on day 1.
Bacterial growth assessment
Our culture method was designed to follow standard laboratory practice for processing wound swabs. The presence of bacteria was determined using a semi-quantitative swab technique, beginning on day 3 and continuing three times a week until the end of the study (day 8 or day 19) . Swabs were stored in Amies transport medium with charcoal and were delivered to the lab coded by number to ensure that the microbiology assessor was blinded to treatment groups. Swabs were streaked onto blood and MacConkey agar culture plates using routine methods and the plates were incubated for 20 h at 35°C in 5% CO 2 . Plates were then examined and the results were reported as no growth or by listing the specific types of bacteria that grew (opportunistic bacterial growth such as normal skin flora, S. aureus, and Escherichia coli in addition to P. aeruginosa). Bacteria were identified using the VITEK II system (bioMerieux Canada, Inc., St-Laurent, Quebec).
Histologic assessment
Wound tissue was collected from eight experimental animals in each irradiation group, four on day 8 and four on day 19, and four sham-irradiated animals, one on day 8 and three on day 19. Animals were assigned randomly to this procedure using a table of random numbers prior to wound inducement on day 1. Wounds were excised with a volume equal to the original wound size plus a surrounding circumference of 2 mm. Specimens were numbercoded to ensure blinding of the assessor. Specimens were bisected and fixed in 10% neutral buffered formalin and subsequently dehydrated in alcohol, cleared in xylene and embedded in paraffin. Five μm-sections were cut and stained, using hematoxylin and eosin (H&E), Gram stains for microorganisms and Picro Sirius red after papain digestion for presence of collagen fibers. Sections were graded for wound healing according to seven parameters related to acute inflammatory response and repair: edema, polymorphonuclear leucocytes, macrophages, granulation tissue, fibroblasts, collagen deposition, and evidence of epithelialization. Each feature was semi quantitatively evaluated (from 0 = absent, to 3 = prominent) based on well defined and reproducible histological parameter classification reported by us previously [16, 22] .
In an attempt to more closely determine the cell behavior induced by light, immunohistochemical analysis was performed on a representational number of day-8 and day-19 specimens to determine proliferation index using antiMib-1 antibodies (LabVision, Fremont, CA, USA; dilution 1/200) and to determine apoptosis index using Caspase 3 (BioVision, Mountain View, CA, USA; dilution 1/25). Rat spleen and thymus were used as positive-control tissue for optimization of Mib-1 and Caspase-3, respectively. Internal positive control for Mib-1 was observed in the basal layer of the epidermis adjacent to the wound area.
Statistical analysis 2.9.1 Outliers
Boxplot tests were used to detect any possible outliers within each day's observations of wound area percentage. An animal was considered an outlier of the group if it had more than four outlier readings along the observation period. A convenient definition of an outlier is a point which falls more than 1.5 times the inter quartile range, above the third quartile or below the first quartile.
Wound area percentage at day 19
Because a t-test might not give very accurate results with the relatively small number of subjects remaining in each group at day 19 (n = 10) (see Figure 1) , the bootstrap method (with 10,000 bootstrap replications) was implemented. Bootstrap is a computer-based method for assigning measures of accuracy to statistical estimates. The null hypothesis was that the mean area (%) of irradiated wounds was equal to the mean area (%) of shamirradiated wounds (controls). Achieved significance level (ASL) was considered significant at 5% (ASL = 0.05).
Wound healing over time
A non-linear growth curve in the form of log-logistic function was derived to describe the healing curve of each group over the 19-day observation period using SAS NLIN procedure (SAS version 8.3; SAS Institute Inc., Cary, NC, USA). Comparison of predicted and measured data and the value of coefficient of determination confirmed that the model fitted the data well. Representative variables of the curves were estimated and each treatment group was compared with control for maximum wound area (mean wound area was > 100% after day 1), rate of healing, and time when half-heal was reached (with respect to maximum wound area). For each variable, the significance of differences and 95% confidence intervals (CI) were calculated (α = 0.05).
Bacterial growth
In each group, the counts of sterile wounds and of each bacterial species were expressed as percentages of the total number of samples examined during the observation period (eight swabs from animals euthanized on day 19 and three swabs from animals euthanized on day 8). Fischer's exact test was performed for the null hypothesis that the percentages of wounds with no growth, normal skin flora, P. aeruginosa, S. aureus, and E. coli in irradiated groups were equal to that of the control (sham) group.
Histological assessment
Principal component analysis (PCA) was used as a variable reduction procedure in order to summarize the original data with fewer and new scores. In the original data seven variables were assessed with a 4-level scale, with higher levels corresponding to stronger presence.
The SAS procedure PROC FACTOR was used to perform the analysis. Two new variables were defined that together accounted for 80% of the variances in the original dataset. The new scores for each animal were then used to calculate average scores by group and day (day 8 and 19) for subsequent analysis.
The bootstrap method (with 10,000 bootstrap replications) was implemented to test the null hypothesis that scores at day 8 and day 19 in each irradiated group were equal to that of control. ASL was considered significant using the criteria of ≤ 0.05.
Results
Outliers
Results showed that one treatment group (635 nm, 1 J/cm 2 ) contained an outlier based on the finding of one mild and four extreme outlier readings in percentage wound closure along the time line. All data for this animal were removed prior to further analysis.
Wound area percentage at day 19
Wound healing by group is shown in Figure 2 . Table 1 shows the results of analysis. The control group wounds were on average 21.7% of their initial size. The wounds irradiated using wavelengths of 635 nm (1 and 20 J/cm 2 ) and intensity modulated 808 nm at 20 J/cm 2 were significantly smaller than controls (ASL = 0.0105-0.0208). Table 2 shows results of model fitting and estimates with 95% CI for three parameters of healing. The last column of the table gives the value of coefficient of determination (R2), a value that measures how well the model explains the raw data. The fitted log-logistic curve explains 80-93% of the variance in the raw data in this study, indicating that the model fits the data well. On average wound areas were 20-37% larger on day 3 than at baseline. Compared with control wounds there **Not significant but marginally different; with a larger sample the result might be different.
Wound healing over time
was no significant effect of any light protocol on preventing the initial wound from worsening. Figure 2 shows that during the early period all wounds irradiated using 808-nm light healed on average more slowly than control wounds. Wounds irradiated using CW 808-nm light at 20 J/cm 2 reached half-heal point 1.6 days later than controls which was significantly different (p < 0.05; 95% CI 0.5, 2.6); however, differences in time to reach half-heal point between the remaining 808-nm light treatments and controls were not significant (p > 0.05). During the late period, from about day 8 onwards, all 808-nm irradiated wounds showed accelerated healing giving these wounds significantly deeper healing trajectories than control wounds.
Bacterial growth
In total, 92 samples were collected in each active treatment group and 172 samples in the control group. Bacterial data in percentages and results of analysis are shown in Tables 3 and 4 , respectively. For purpose of clarity, the non-significant results for E. coli have been omitted from Table 4 .
Overall, P. aeruginosa was detected in a low percentage of wounds being present more commonly on days 3 and 5 (13% and 16% of control wounds, respectively), and seldom from day 10 onwards. For clarity the bacterial profiles across the time line are not shown. When using CW 808-nm light at 20 J/cm 2 no wounds were positive for P. aeruginosa (p < 0.06).
Wounds irradiated using 635-nm light (1 J/cm 2 and 20 J/cm 2 ) and modulated 808-nm light (3800 Hz, 20 J/cm 2 ) were similar when compared with controls in respect of each bacterial species as well as the percentage of wounds that were sterile. As noted above, wounds in these three groups were significantly smaller than control wounds at day 19.
Bacterial growth was significantly different in wounds irradiated using CW 808-nm light (1 and 20 J/cm 2 ): an increased percentage of wounds were colonized by skin flora (p = 0.005 and p < 0.02) and by S. aureus (p = 0.003 and p < 0.0001) whereas the percentages of sterile wounds decreased (p < 0.0001 and p < 0.0001) compared with controls. As noted above, wound healing up until half-heal time was slow for these two groups, significantly so for the group irradiated at 20 J/cm 2 . Wounds irradiated using modulated 808-nm light (3800 Hz) at 1 J/cm 2 also showed significantly increased S. aureus growth compared with controls (p < 0.004). Table 5 . Tissue specimens were photographed at two different magnifications in order to show the relationship of the wound to the surrounding normal tissue (low magnification) and the predominant cell component of the repair process (high magnification) at day 8 ( Figure 3 ) and day 19 ( Figure 4) .
Day 8
Wounds irradiated using 635-nm light at 1 J/cm 2 were similar to control wounds for markers of inflammation and signs of late repair. Wounds irradiated using 635-nm light at 20 J/cm 2 showed marginal evidence of a reduced inflammatory process compared with controls (ASL = 0.055). CW 808-nm light (1 J/cm 2 ) increased both the inflammatory response (ASL = 0.028) and the development of late repair (ASL = 0.033) compared with controls. Increased development of late repair was also marginally significant using modulated 808-nm light (3800 Hz) at 20 J/cm 2 (ASL = 0.048).
Day 19
Wounds irradiated using 635-nm light (1 J/cm 2 ) were similar to control wounds and showed that the earlier inflammation had subsided and instead there were strong signs of late repair: as noted above, the irradiated wounds were on average smaller in area than controls at day 19. Wounds irradiated using 635-nm light at 20 J/cm 2 showed an increased inflammatory response (ASL = 0.037); notwithstanding, these wounds were also significantly smaller than controls at day 19 (see above).
All 808-nm irradiated wounds showed a greater inflammatory response than controls (ASL = 0.006-0.039); however, only in wounds irradiated using CW 808-nm light at 20 J/cm 2 was this associated with a significant decrease in the presence of late repair elements (ASL = 0.004).
Immunohistochemical analysis
At day 8 the proliferative index by MIB-1, i.e. the percentage of cells that was positive for proliferation, was high for controls, 635-nm (20 J/cm 2 ) and CW 808-nm (20 J/cm 2 ) irradiated wounds (30%, 40% and 60%, respectively). The high proliferative index was associated with increased apoptosis, likely reflecting the accelerated turnover of cells (1-3%, 1-2% and 4% for controls, 635-nm and CW 808-nm irradiated wounds, respectively).
At day 19 there was a mild to moderate increase in proliferating cells labeled by MIB-1 (3-20%, 20% and 10-15% for control, 635-nm and CW 808-nm irradiated wounds, respectively) representing a reduction for each group when compared with day 8. For control and 635-nm irradiated wounds, this was associated with a very low rate of apoptosis (0% and 0-1%, respectively). Interestingly, apoptosis index remained high at 4% for CW 808-nm irradiated wounds, the group that performed worst according to histological evaluation at day 19. 
Discussion
The use of LIL for wound healing remains controversial likely due to the negative results of some controlled human studies [4] [5] [6] [7] [8] [9] [10] [11] . Although infection is a common factor in delayed wound healing, to date the clinical trials on low intensity laser effects have neglected bacterial growth as a possible confounding factor.
This study examined the healing of P. aeruginosa inoculated wounds in the rat. Overall a low percentage of wounds was positive for P. aeruginosa and it was present more commonly on days 3, 5 and 8 rather than during late healing. It is not clear why P. aeruginosa was not found more frequently in our wound model. The explanation might lie in the fact that the wound surfaces were dry and P. aeruginosa attachment favors a moist environment [28, 29] . Zhao et al. [30] inoculated wounds with P. aeruginosa and subsequently found, as we did, a combination of P. aeruginosa and S. aureus in the wounds; however, more than 99% of the bacteria were localized in the scabs rather than growing on the wound surface. Malic et al. [31] noted the ability of bacteria to form biofilms in both acute and chronic wounds. They examined multi-species biofilms in vitro and found that P. aeruginosa was detected throughout the biofilm in depth, while S. aureus was generally concentrated towards the surface of the biofilm. Thus, it is possible that P. aeruginosa was in fact present in our wound model but was not detected because we only measured using surface swab methods.
Gram-negative bacteria, including P. aeruginosa, cause damage, even when in a stationary phase, by secreting cytotoxic metabolites that destroy host cells and by releasing toxic lipopolysaccarides during cell death [29] . Thus inoculation of the wounds probably explains why control wounds in the present study were on average larger on day 3 and less healed at day 19 than control wounds in our prior study which did not include inoculation. Commensal bacteria are also sensitive to P. aeruginosa released toxins which likely explains why the percentage of wounds positive for normal skin flora was lower here than in our prior study.
In the current study effects on healing were examined using red and infrared light, the latter in continuous as well as intensity modulated mode, and using two levels of radiant exposure. Wound closure improved significantly using red light (1 and 20 J/cm 2 ) and intensity modulated infrared light at 20 J/cm 2 . Analysis of bacterial growth showed that the light protocols that accelerated wound closure had no effect on wound bioburden when compared with the sham-irradiated controls. This suggests that the healing advantage of these protocols was as a result of direct effects on the host tissue rather than through a killing or inhibitory effect on bacteria. Similarly in our prior work (non-inoculated model) low dose red light (1 J/ cm 2 ) improved wound healing according to wound closure along the time line and according to histological end points, and had no effect on wound bioburden [22] .
In contrast, certain 808-nm light protocols used in this study (CW 1 and 20 J/cm 2 , intensity modulated 1 J/cm 2 ) delayed wound healing in the acute phase and significantly altered bacterial profile. It is not clear whether the delayed early healing was a result of increased S. aureus growth alone or whether the strong inflammatory response associated with these protocols played a role. The immune system is normally activated in response to signals from pathogens such as P. aeruginosa. However, additional light-induced inflammatory effects were demonstrated in this study for all irradiated groups except when using red light at 1 J/cm 2 . Pro-inflammatory effects of light have been reported previously and it is generally thought that an enhanced inflammatory response during acute wound healing is beneficial [32, 33] . However, the inflammation produced here was intense and also unregulated in the sense that it persisted into the late healing phase. Notwithstanding that irradiated wounds were on average similar or smaller in surface area than controls at day 19, the wounds irradiated using CW 808-nm light (1 and 20 J/cm 2 ), and to a lesser extent intensity modulated 808-nm light at 1 J/cm 2 , comprised histologically immature repair tissue compared with controls suggesting some adverse effects had been produced.
Increased S. aureus growth and decreased presence of normal flora in association with delayed wound healing using CW 808-nm light was demonstrated in our prior work (non-inoculated model) [22] . It was unclear in that study whether CW 808-nm light killed normal skin flora thereby providing an opportunity for S. aureus attachment to wound surfaces or whether the 808-nm light stimulated S. aureus growth thereby crowding out the normal skin flora. In the present study CW 808-nm light significantly increased the growth of both S. aureus and normal flora when compared with control wounds; this suggests there were direct effects of CW 808-nm light on S. aureus growth. Interestingly, although intensity modulated 808-nm light at 1 J/cm 2 also increased presence of S. aureus this particular light protocol had no effect on normal skin flora again pointing to direct effects of the light on bacterial growth.
Results of this study suggest that red and infrared light activated cellular processes differently. At day 8 the percentage of MIB-1 positive proliferating cells using CW 808-nm light (20 J/cm 2 ) was 50% higher than when using 635-nm (20 J/cm 2 ) light; the apoptotic index was also higher corresponding to the increased cell turnover. At day 19, although the percentage of MIB-1 proliferating cells had decreased using 808-nm (20 J/cm 2 ) light (similar to or lower than for controls or red light) the percentage of apoptotic cells remained comparatively high; this raises the possibility that the poor result using 808-nm (20 J/cm 2 ) light might be related to an increase pool of cells being precipitated into an apoptotic pathway. However, further research is needed to confirm this.
Conclusion
We have demonstrated that infrared light stimulates growth of S. aureus, an organism that is commonly associated with delayed wound healing. Thus our study might help explain why infrared light has failed to produce a healing advantage in some human wounds.
In conclusion, we have shown that irradiating infected wounds in the rat three times weekly using red light (1 and 20 J/cm 2 ) or intensity modulated infrared light (20 J/cm 2 ) improves wound healing and does not produce unwanted stimulation of bacterial growth. In contrast, CW 808-nm light (1 and 20 J/cm 2 ) or intensity modulated 808-nm light at low radiant exposure (1 J/cm 2 ) may delay wound healing as a result of light-induced effects on S. aureus growth and possible negative effects on host tissue, suggesting that these particular infrared protocols should not be considered for treating S. aureus infected wounds.
